Previous studies have shown meconium-induced lung injury occurs throughout release of inflammatory cytokines. The exact mechanism of cytokine-induced apoptosis is not known. In this study we hypothesized that meconium-induced apoptosis in the lungs is mediated through the production of inducible nitric oxide (NO). We studied two groups of newborn rabbit pups: one group was instilled with meconium and other with normal saline. We measured precursors of NO in lung lavage from both groups of rabbits and NO levels were calculated accordingly. The levels of NO and NO-derivatives increased significantly in both groups. However NO expression in meconium group 2 h after meconium instillation was significantly higher than in saline-instilled group suggesting NO production plays a role in meconium-induced inflammation.
Introduction
Meconium aspiration syndrome (MAS) is a major cause of morbidity and mortality in neonates. It is characterized by initial obstruction of the airway resulting in ventilation-perfusion mismatch, hypoxemia and increased vascular resistance. MAS effects 1 to 3% of both term and post-term infants. Earlier studies have shown that MAS includes accumulation of inflammatory cells, release of inflammatory cytokines and massive cell death in experimental models. The pathogenesis is still unclear, although the role of bioactive mediators such as nitric oxide (NO), pro-inflammatory cytokines, prostaglandins, thromboxane, reactive oxygen species has been proposed in sepsis-induced lung injury. 1 Nitric oxide is a biological signaling and effector molecule involved in many biologic functions including maintaining blood pressure, modulating neural transmissions and host defense mechanisms. 2 It is catalyzed by enzymes of the NO synthase (NOS) family. It is generated through the reaction of L-arginine, nicotinamide adenine dinucleotide phosphate oxidase and O 2 to NO and citrulline. Reactions of NO with oxygen in aqueous solution produce a relatively unreactive nitrate and nitrite ion as an end product. Two of the three isoforms are constitutive and the third is inducible, Ca-independent NO (iNOS). It has been shown in the lungs of septic murine to have high levels of NO produced by iNOS. [3] [4] [5] [6] NO is also a known regulator of apoptosis and has been shown to inhibit the activity of many caspases both in vivo and in vitro conditions in endotoxin-induced lung injury. 7 High levels of NO can react with superoxide to produce a highly oxidative peroxynitrate. We have reported in an earlier study apoptosis and necrosis occurring after meconium instillation in rabbit lungs using DNA staining and detection of DNA fragments by in situ end labeling. 8 Nitric oxide is an important inflammatory mediator. In MAS, an intense inflammatory reaction occurs and Li et al. (2001) reported an increase in rat alveolar macrophage cell line (ATCC8383) when exposed to meconium. They also found iNOS expression leading to increased production of NO. 9, 10 The purpose of the study is to measure the NO production in meconium-induced injury in rabbit alveolar cells.
Hypothesis
Meconium-induced apoptosis in the lungs is mediated through the production of inducible NO. NO production is a major intermediary step in meconium-induced lung cell apoptosis.
Methodology

Animal model (in vivo)
The care and handling of the animals were in accordance with National Institutes of Health guidelines. The Animal Care and USE Committee of Michael Reese Hospital (Chicago, IL, USA) approved the experimental protocol. Pregnant rabbits were housed for 3 days before the experiments with the mother in stainless steel rabbit cages. Mothers were given regular Purina rabbit chow (Scientific Animal Feed Co., Arlington Heights, IL, USA). After delivery, pups were used in the study.
Two groups, 2-week-old New Zealand white rabbit pups, were used in the study. Ten rabbits per group: group 1, saline-instilled rabbits and group 2, meconium-instilled rabbits. Tracheotomy was performed under sedation with intraperitoneal ketamine (10 mg kg À1 ) and xylazine (1 mg kg À1 ). Tracheal instillation of 10% meconium solution (1.2 ml kg À1 ) or 0.9% NaCl (1.2 ml kg À1 ) was made. Skin incision was closed with a 4-0 nylon suture, and rabbits were allowed to breathe spontaneously in the room air without assisted ventilation or supplemental oxygen. At set point (0, 2, 4 and 8 h), the animals were euthanized by intraperitoneal injection of Nembutal (100 mg kg À1 ) for studies.
Meconium preparation
A total of 15 first-pass human meconium samples were obtained from term, healthy neonates. Fresh newborn infant meconium of 1 g was homogenized on ice in a blender with 9 ml of 0.9% NaCl to a 10% (w/v) final concentration and was spun down at 5000 r.p.m. for 20 min (4 1C) to separate the supernatant and pellet. The supernatant was filtered by a glass filter followed by sterilization by 0.2 mm filter (both filters from Millipore Co., Bedford, MA, USA) and was used for instillation in the lungs of 2-week-old newborn rabbit pups.
Reagents ELISA kits were obtained from R&D System Co. (Minneapolis, MI, USA). All other materials are obtained from different sources and were of reagent grade.
In vivo animal model experiments
The lungs were isolated and homogenized in saline and centrifuged at 5000 r.p.m. for 5 min. The supernatant was filtered before measuring NO. Filtration eliminates nucleophiles, antioxidants and compounds containing sulfhydryl groups such as cysteine and glutathione, which may interfere with color formation in Griess reaction.
Studies of NO using ELISA NO has a very short half-life (<10 s), which makes it difficult to measure directly. However, NO is metabolized to nitrate and nitrite. Quantification of these anions can be used indirectly to determine the amount of NO originally present. There is a direct correlation between the nitrate and nitrite levels and NO. Nitrates and nitrites were measured using a commercially available ELISA kit (R&D System Co.). The assay is based on colorimetric detection of nitrite as an azo dye product of Griess reaction. The Griess reaction is a two-step diazotization reaction in which acidified NO 2 produces a nitrosating agent, which reacts with sulfanilic acid to produce a diazonium ion. This ion is then coupled to N-1-napthylethylenediamine to form the chromophoric azo-derivative, which absorbs light between 540 and 570 nm and is quantitated by spectrophotometer.
Data analysis
Data from the experiments were reported as the mean±s.d. Data were analyzed using analysis of variance and unpaired Student's t-test. A P<0.05 was considered to be significant.
Result and analysis
NO derivative (nitrite) production in meconium-instilled lungs was significantly high (P<0.05) at 2 h after meconium instillation compared with saline instillation. The levels of nitrite also increased at 4 and 8 h after meconium instillation, but these values were not significantly different compared with saline-instilled lungs. Nitrites in saline-instilled lungs show low levels at 2 h and increased levels at 4 and 8 h comparable with meconium-instilled pups. This shows that meconium initiates lung injury faster than saline and that both meconium and saline induced NO production. The NO is released in response to the external injury factors such as meconium or saline (Table 1 and Figure 1 ) NO is a biological signaling and effector molecule involved in many biologic functions including maintaining blood pressure, modulating neural transmissions and host defense mechanisms. It is a free radical, which makes it react very readily with superoxide to form peroxynitrite. Peroxynitrite is a highly oxidative species that is capable of nitrating tyrosine residues of numerous proteins lead to the production of nitrotyrosine. 11 High levels of nitrotyrosine formation have been shown to be involved in acute lung injury by way of increasing vascular permeability of endothelial cells, inhibiting leukocyte adhesion, degrading carbohydrates, inhibiting lipid peroxidation and cleaving DNA through nitration and oxidation. 11, 12 The excess amount of NO required to form peroxynitrite to produce apoptosis is not known. What has been shown in this research is that within 2 h after instillation, meconium or saline enhances the production of NO. Khan et al. showed the production of NO from monolayers of A549 cells immediately after incubating the cells with meconium. The instillation of meconium or saline itself does not possess any significant neutrophil chemotaxis 13 but could stimulate the production of the pro-inflammatory cytokine and upregulate the production of the inducible form of iNOS, which produces large amount of NO. 4,14 -16 iNOS is produced in many cells including alveolar cells in response to infection, inflammation and other circumstances when the immune system is activated. The other form is neuronal NOS from nerve cells and endothelial cells. 2 The inflammatory damage in this research marked by increased levels of NO lasted for 8 h. A study carried out Holopainen et al., 17 in the ultrastructural analysis of porcine lungs, 6 h after instillation of meconium, showed a significant amount of alveolar exudates and edematous alveolar epithelium and endothelium. The increase in the production of NO at 4 and 8 h could have been due to the worsening inflammatory process and increasing apoptosis in the alveolar cells. This inflammatory reaction causes an increased pulmonary vascular permeability producing the exudates and eventually inactivation of the surfactant and decreased pulmonary compliance. 16, 18 Earlier studies also showed in vitro, those neutrophils and plasma proteins in the alveoli inactivate surfactant. 13 This may also explain why meconium can inactivate a surfactant. Meconium enhancing the production of NO and the inflammatory reactions may play an important part in the pathogenesis of MAS.
Meconium aspiration may also cause apoptosis in alveolar cells. Apoptosis is characterized by loss of cell function and decrease in cell size and its morphology. 19 Zagariya et al. 8 showed apoptosis in the airway epithelium 8 h after meconium instillation using ISEL-DNA end labeling. The apoptosis reported from an earlier study coincide with an increase in the production of NO in this study up to 8 h. This might play a crucial role in meconium-induced apoptosis. Apoptosis is induced by two main pathway: (1) mitochondrial pathway, which involves cytochrome c release from the mitochondria, and the activation of caspase-9, which then cleaves and activates caspases 3, 6 and 7; and (2) the death domain receptor pathway that involves the activation of Fas or tumor necrosis factor receptors followed by the activation of caspase-8 and subsequent activation of other caspases. 5, 7 The long-lasting overproduction of NO acts as a modulator of apoptosis, activating the caspase family through the release of cytochrome c into the cytosol. 20, 21 Once in the cytosol, cytochrome c interacts with Apaf-1 (apoptotic protease-activating factor 1), leading to the activation of caspase-9 and subsequent caspases, thereby leading to apoptosis. The activated caspases lead to cleavage of the nuclear lamin and breakdown of the nucleus through caspase-3. 22 In our study, the meconium-induced NO production may represent a key mechanism for the apoptosis associated with meconium aspiration syndrome.
Despite the significant advances in management and diagnosis, MAS still causes an important morbidity and mortality in neonates. Earlier studies by Holopainen et al. 17 showed that NO inhalation controls the rise in the pulmonary artery pressure, improves arterial oxygenation and prevents further increase in epithelial apoptosis, but does not protect against early inflammatory damage caused by meconium. Steroids have been used to inhibit the inflammatory response and can downregulate the pro-inflammatory cytokine production in vitro. Li et al. 9 have shown that steroids also inhibits meconium-stimulated NO production and suggested that steroids could be used in the treatment of MAS.
In conclusion, our findings show that meconium is a potent inducer of NO production in the alveolar and airway cells (Figure 2 ), resulting in inflammation and apoptosis, which could result in MAS. Significance of the research This study might be essential in understanding the role of endogenous NO in the pathophysiology of MAS and might represent a key point in future therapeutic application.
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